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Abstract Persistent, multi-year shifts in atmospheric circulations and their as-7

sociated influence on regional climates have profound impacts on physical, bio-8

logical, and socioeconomic systems. The Pacific Decadal Precession (PDP), an9

atmospheric mode of variability consisting of a lower tropospheric height dipole10

which rotates counterclockwise over several years in the North Pacific, describes11

a series of such shifts in atmospheric circulations. One phase of the PDP, the12

north-south (N-S) phase, is hypothesized to be partially driven by central tropical13

Pacific (CP) sea surface temperature (SST) variability, but robust assessment of14

this dynamical connection in climate models remains to be done. In this study, we15

investigate this hypothesis with analyses in both reanalysis and selected models16

from the Coupled Model Intercomparison Project Phase 6 (CMIP6) archive. We17

show that the emergence of the N-S phase is both related to and influenced by18

tropical Pacific decadal SST variability, specifically variability associated with CP19

El Niño-Southern Oscillation (ENSO) events. When examining the pre-industrial20

runs of the CMIP6 models, we find that most models cannot recover the character-21

istic cyclonic precession of the dipoles of the PDP, instead featuring only amplitude22

and sign changes of the N-S phase, Moreover, the models do not replicate the dy-23

namical connections between the tropical Pacific and this North Pacific mode of24

climate variability. Our results suggest that primary reasons for this inconsistency25

are that models inaccurately simulate both the SST pattern associated with the26

PDP, shared low-frequency power associated with CP ENSO events, and incorrect27

Rossby wavetrains emanating from the tropical Pacific into the North Pacific on28

quasi-decadal timescales. Taken together, our analyses offer another benchmark29

by which to test the fidelity of the climate model simulations in capturing Pa-30
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cific decadal climate variability in order to improve decadal-to-centennial climate31

projections.32

Keywords Climate Dynamics · Pacific Variability · ENSO · Tropical Pacific33

Decadal variability · Pacific Decadal Precession34
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1 Introduction56

Large-scale climate variations, like those associated with the North Pacific Os-57

cillation (NPO; e.g., Rogers, 1981) and the Pacific Decadal Oscillation (PDO;58

Mantua et al, 1997), have been linked to significant regional climate shifts in the59

North Pacific. Examples of such shifts include persistent drought in California60

(e.g., Diffenbaugh et al, 2015; Cook et al, 2018), anomalously warm sea surface61

temperatures (SSTs) in the Gulf of Alaska (e.g., Bond et al, 2015; Di Lorenzo and62

Mantua, 2016), and the disruption of marine ecosystems in the Pacific (Mantua63

et al, 1997; Di Lorenzo et al, 2008; Litzow et al, 2020; Cheung and Frölicher, 2020).64

The severity of these impacts has motivated considerable research into the dynam-65

ics and impacts of these modes of variability in the Pacific (Rogers, 1981; Mantua66

et al, 1997; Newman et al, 2003; Duffy et al, 2005; Schneider and Cornuelle, 2005;67

Di Lorenzo et al, 2008,0; Newman et al, 2016). Currently, two paradigms exist68

through which the research community views Pacific variability: (1) the leading69

mode paradigm, which includes interactions between the El Niño - Southern Os-70

cillation (ENSO), the Aleutian Low, and the PDO; and (2) the secondary mode71

paradigm, consisting of Central Pacific (CP) ENSO, the NPO, and the North Pa-72

cific Gyre Oscillation (NPGO; Di Lorenzo et al, 2008). Understanding the dynam-73

ics of Pacific climate variability has proven difficult, as the interactions between74

various modes of variability in both the tropics and extratropics are complex and75

occur over multiple timescales (e.g., Pierce et al, 2001; Deser et al, 2017; Zhang76

et al, 2018b; Capotondi et al, 2018; Sun and Okumura, 2019). Still, efforts to iso-77

late the contributions of several of these modes of variability and their feedbacks78

have improved (sub-)seasonal forecasts both globally and regionally (e.g., God-79

dard and Dilley, 2005; Zhang, 2005; Moore, 2012; Cox et al, 2019; Jacox et al,80

2020). Advances made in our understanding of natural variability in the Pacific81

are useful in mitigating physical, biological, and economic impacts from regional82

climate shifts both presently and under future climate change.83

The mechanisms that drive the ENSO-AL-PDO paradigm are well studied84

(e.g., Diaz et al, 2001; Alexander et al, 2002; Kwon and Deser, 2007; Shakun and85

Shaman, 2009; Wang et al, 2012; Wang, 2018; Zhang et al, 2018b; Wills et al, 2019).86

Less understood are the mechanisms driving and impacts of the CP ENSO-NPO-87

NPGO paradigm. Consideration of these secondary modes of variability is needed88

for a more complete understanding of Pacific variability and seasonal conditions89

experienced in North America. For example, Baxter and Nigam (2015) concluded90

that the NPO, a north-south oriented dipole in sea level pressure anomalies across91

the North Pacific, was the primary contributor to extreme winter weather across92

the midwestern United States during the winter of 2013-2014. Moreover, Hartmann93

(2015) tied anomalous ridging in the Gulf of Alaska, responsible for another ex-94

treme winter across central and eastern North America during 2014-15, to remote95

forcing from tropical convection and specifically weak CP ENSO-like conditions96

during that period. This remote forcing also likely reinforced the “Warm Blob” sig-97

nature (i.e., persistently warm SST anomalies (SSTa) in the North Pacific) for that98

winter (Bond et al, 2015). Because of these events and others, researchers have99

recently investigated mechanisms of the secondary paradigm of Pacific variabil-100

ity and their impact on quasi-decadal North Pacific and North American climate101

variability (e.g., Liu and Di Lorenzo, 2018; Sun and Okumura, 2019).102
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The coauthors of this work have recently advanced knowledge of the secondary103

mode paradigm by identifying another mode of atmospheric variability in the104

North Pacific tied directly to hydrometeorology in the Northwestern US: the Pa-105

cific Decadal Precession (PDP; Anderson et al, 2016). While most modes of atmo-106

spheric climate variability are considered stationary patterns (e.g., the Aleutian107

Low, the NPO), the PDP is characterized by a cyclonically-propagating lower-108

tropospheric anomalous pressure dipole around the North Pacific during boreal109

winter, with a full revolution occurring over ∼12 years (Anderson et al, 2016).110

Figure 1 presents the full evolution of the PDP using 20th Century Reanalysis111

version 2c (Compo et al, 2011). The PDP is composed of two distinct phases, de-112

fined by the orientation of the dipole: a north-south (N-S) phase (Figs. 1a,b,e,f),113

when the pressure anomaly dipole is oriented meridionally, and an east-west (E-114

W) phase (Figs. 1c,d) when the dipole is oriented zonally. Signs of precession can115

be seen throughout the series of maps, with the positive anomaly comprising the116

northern pole of the PDP at Year -2 (Fig. 1a) rotating counter-clockwise to be-117

come the western pole at Year 0 (Fig. 1c) and the southern pole at Year +2 (Fig.118

1e). The evolution of the PDP results in changes in atmospheric circulation over119

the North Pacific which consequently impact precipitation and temperature con-120

ditions downstream across North America because of associated changes in the jet121

stream (Anderson et al, 2016). These patterns are both unique and poorly related122

to the leading modes of Pacific variability (e.g., Anderson et al, 2016), further jus-123

tifying the importance of the secondary mode paradigm within the large context124

of Pacific climate variability.125

Previous studies on the PDP showed statistical evidence of the structure of126

the PDP and associated lagged teleconnections in regional climate. However, the127

dynamics of the PDP, including what forcings are responsible for the unique prop-128

agation of this mode, remain unknown. Potential drivers of the PDP are briefly129

discussed in Anderson et al (2016) and include: (1) The N-S phase is driven by130

teleconnections from the central tropical Pacific; and (2) The E-W phase is driven131

by stratospheric temperature deviations through their influence on underlying tro-132

pospheric circulations. This study focuses on the first hypothesis regarding the N-S133

phase of the PDP. Motivation for Hypothesis #1 primarily relies on the connec-134

tion between the N-S phase of the PDP and the NPO (Fig 1; Anderson et al,135

2017), implying that the PDP lies within the CP ENSO-NPO-NPGO paradigm.136

Prior studies have quantified the role of the tropical Pacific in driving seasonal-to-137

decadal variability in the NPO. Di Lorenzo et al (2010) and Furtado et al (2012)138

used modeling experiments to illustrate that the low-frequency variability in the139

NPO, particularly its southern node, lies in central tropical Pacific SST variability.140

Similar results were found by Yeh et al (2018), who tied late 20th century trends141

in the NPO to changes in tropical Pacific convection. Sung et al (2019) illustrated142

that variations in the position and strength of the NPO, and its downstream im-143

pacts on North American winters, are related to tropical Pacific SSTs and tropical144

convective patterns. Therefore, while previous research supports this hypothesis,145

a formal analysis investigating a dynamical relationship between CP ENSO and146

the N-S phase of the PDP has yet to be conducted in reanalysis data or model147

output.148

Though research on the PDP has primarily used reanalysis data, identifica-149

tion and testing of the mechanisms associated with the PDP require us to look150

at atmosphere-ocean coupled general circulation models (AOGCMs). Historically,151
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however, AOGCMs have not performed well in simulating Pacific variability on152

multiple spatio-temporal scales, with previous studies showing a wide range in153

fidelity for modes like ENSO (Kim and Yu, 2012; Deser et al, 2017; Yim et al,154

2015) and the NPO (Furtado et al, 2011). The connections between these modes155

of variability are weak and even non-existent in some AOGCMs (Furtado et al,156

2011; Deser et al, 2012), especially on the quasi-decadal time scale, such that previ-157

ous studies have drastically increased forcings artificially to ensure a robust atmo-158

spheric response (e.g., Shi et al, 2019). How AOGCMs simulate Pacific decadal cli-159

mate variability present a significant barrier for skillful predictions of these modes160

and in understanding how Pacific variability may change under a warming climate161

(Yeh et al, 2009; Di Lorenzo et al, 2010; Furtado et al, 2011; Liu and Di Lorenzo,162

2018).163

This study seeks to expand our knowledge of how the latest climate models164

in the Coupled Model Intercomparison Project, Phase 6 (CMIP6) model archive165

(Eyring et al, 2016) simulate the PDP and its dynamical connections. The guiding166

hypotheses for this study are (a) The N-S phase of the PDP is linked to tropi-167

cal Pacific decadal variability and, specifically, quasi-decadal variations in central168

tropical Pacific SSTs (i.e., variability associated with CP ENSO); and (b) only169

some AOGCMs will show evidence of relationships between the N-S phase of the170

PDP, the NPO, and Pacific decadal variability, particularly in the tropical Pacific.171

Through statistical analyses with available reanalysis and CMIP6 model output,172

we will provide a comprehensive picture of how well the selected models simu-173

late the PDP and its hypothesized dynamical drivers. Altogether, our analyses174

will offer potential steps toward benchmarking another important mode of Pacific175

climate variability for future works.176

2 Data and Methods177

Observation-based atmospheric data are taken from 20th Century Reanalysis ver-178

sion 2c (Compo et al, 2011). Specific atmospheric variables examined are monthly-179

mean geopotential height (on 24 pressure levels ranging non-uniformly from 1000180

hPa to 10 hPa) and SLP on a 2◦ x 2◦ latitude by longitude grid over the period181

1870–2013. SST data are taken from Hadley Centre’s Ice and Sea Surface Tem-182

perature (HadISST) data set (Rayner et al, 2003), consisting of monthly-mean183

fields from 1870–near present on a 1◦x1◦ latitude by longitude grid. Reanalysis184

variables from both datasets are considered over the common period 1870–2013.185

For CMIP6 model output, we use 300 years of pre-industrial control simulations186

(i.e., in which atmospheric CO2 concentrations are held to pre-industrial levels so187

as to eliminate effects of anthropogenic influences on climate). The grid spacing for188

model output varies by both model and variable. To facilitate comparisons with189

our analyses of model output and reanalysis products, model SST data are regrid-190

ded to a common 1◦ x 1◦ latitude by longitude grid, and the model atmospheric191

fields (i.e., geopotential height data and SLP) are regridded to the same 2◦ x 2◦192

latitude by longitude grid as the reanalysis, both via bilinear interpolation. More193

detailed information on the model output used in this study is shown in Table 1.194

All data have the long-term monthly-mean removed, and reanalysis data are195

linearly detrended to remove any potential anthropogenic influence on the vari-196

ables prior to any statistical analyses. We also consider variables only during the197
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extended boreal cold season (i.e., November to March; NDJFM) and averaged198

over that season for seasonal means. The choice of NDJFM reflects the fact that199

the PDP and its individual phases are most active during this season (Ander-200

son et al, 2016). Statistical significance of regression and correlation coefficients201

are determined via a bootstrapping method with 5000 iterations with replace-202

ment. For each of the 5000 iterations, one time series is randomized prior to the203

regression/correlation calculation. The compilation of these iterations create a dis-204

tribution against which the true values are tested at the desired confidence level.205

Any data or model output that is described as “filtered” means it is subjected to206

an identical 7-20 year-1 Butterworth band-pass filter.207

In both reanalysis and models, the PDP is defined using the procedures from208

Anderson et al (2017) briefly outlined below. Monthly mean NDJFM-averaged 850209

hPa geopotential height anomalies over the North Pacific (15−80◦N, 125◦E-90◦W)210

are band-pass filtered from 7-20 years-1 and then subjected to empirical orthogonal211

function (EOF) analysis. The leading mode (i.e., the pattern associated with low-212

frequency variability of the Aleutian Low) is then linearly removed from the height213

field via linear regression so that we can examine the quasi-decadal variability of214

the residuals. The residual spatio-temporal matrix is extended by 5 one-year lags215

prior to employ time-extended EOF analysis, which is a preferred method for216

identifying propagating modes of variability (e.g., the Madden-Julian Oscillation217

(MJO)). Regressing the filtered anomaly field onto the leading principal component218

time series from the time-extended EOF at the appropriate lags yields a sequence219

of 6 maps representing the progression of the PDP over a 6 year period. Following220

Anderson et al (2017), the third map in this series (i.e., Year 0) is designated as221

the central map, with the first two maps “leading” and last three maps “lagging”222

it. The leading principal component time series is hereafter referred to as the PDP223

index.224

For diagnosing connections between the North Pacific and the tropical Pacific,225

we focus on ENSO variability and its flavors, namely eastern Pacific (or canonical)226

and CP ENSO. The canonical and CP ENSO structures are defined using the EOF-227

based approach outlined by Kim and Yu (2012). For the canonical ENSO mode,228

we linearly remove the influence from SSTa in the Niño-4 region (5◦S-5◦N, 160◦E-229

150◦W) from the full SSTa field for lags -3 to +3 months. After performing EOF230

analysis on the residuals over the domain 30◦S-30◦N, 120◦E-60◦W, the leading231

EOF is then multiplied by the square root of the associated eigenvalue to acquire232

the SSTa structure of canonical ENSO. The same techniques are applied to isolate233

SSTa associated with CP ENSO events, except the influence from the Niño1+2234

region (10◦S - 0◦, 90◦W-100◦W) is linearly removed from the subtropical and235

tropical Pacific SSTa field instead of the Niño-4 region. The associated leading236

principal component time series of the EOF analyses provides an index tracking237

the canonical ENSO and CP ENSO phenomena.238

Power spectrum analyses are also conducted on tropical Pacific SSTa indices in239

order to assess their dominant timescales of variability. Each time series is split in240

half, with one overlapping segment, yielding three (3) samples for power spectral241

analysis that are averaged together. A Hanning window is also appled to each242

segment prior to spectral decomposition. We use chi-squared testing and a priori243

statistics to assess the significance (p < 0.05) of the peaks in the power spectra.244

Use of a priori statistics is warranted as past studies have highlighted that the245
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canonical and CP ENSO phenomenon have power on interannual to decadal time246

scales (Diaz et al, 2001; Furtado et al, 2012; Wang, 2018)247

3 Results248

3.1 The PDP Structure in the CMIP6 Models249

We begin our study by assessing the representation of the PDP in both the CMIP6250

models and reanalysis data (Figure 2). In general, the CMIP6 models used in251

this study capture the general structure of the N-S phase of the PDP adequately252

(Figs. 2a, b, e, f; Years -2, -1, 2, 3), though the location, extent, and magnitude253

of the anomaly dipole vary across models. For example, the northern pole of the254

PDP in GISS-E2-1-G is larger in magnitude and situated farther west than in255

reanalysis (Fig. 2, Year 2). CESM2 simulates the northern pole of the N-S phase256

of the PDP with a northwesterly extension of the anomaly not seen in reanalysis,257

while MIROC6 simulates a pattern situated too far to the southeast. However, the258

biggest flaw with the simulated PDP in the models is that they do not accurately259

capture the E-W phase of the PDP. Only ACCESS-CM2 and CanESM5 illustrate260

evidence of a distinct E-W phase (Fig. 2; Years 0 and 1). The lack of a distinct E-W261

phase in the models physically means that the models also lack the characteristic262

propagation features of the PDP. Hence, we could argue that these climate models263

simulate a North Pacific process very different from how we define and how we264

view the PDP in nature. ACCESS-CM2 and CESM2-WACCM include evidence265

for some precession, shown by slight cyclonic rotation of the anomaly dipole with266

time, though the magnitude of the anomaly dipole for the E-W phase is much less267

than in reanalysis (Fig. 2, top row). Several other models (e.g.,UKESM1-0-LL and268

BCC-ESM1) instead show evidence of a damping of the N-S phase of the PDP269

with time rather than a precession.270

To summarize the model results succinctly, we quantitatively compare the mod-271

els’ representation of the N-S phase of the PDP during Year +2, as Year +2 features272

a distinct N-S phase in reanalysis and the CMIP6 models (Fig. 2, second-to-last273

column). Aside from the PDP index defined through time-extended EOF analy-274

sis, we define an index of the N-S phase of the PDP (i.e., the N-S Index) as the275

difference in the area-averaged 7-20 year-1 band-pass filtered 850 hPa monthly276

mean geopotential height anomalies between the northern (50◦N - 70◦N, 175◦W277

- 130◦W) and southern (20◦N-40◦N, 175◦W-145◦W) loading centers of the N-S278

phase of the PDP (Fig. 1e, black boxes). This index is essentially the 7-20 year-1279

bandpass filtered NPO index defined in Furtado et al (2012) with some slight dif-280

ferences in the spatial domain. This formulation also follows from previous work281

on the PDP and our guiding hypotheses. In addition to the temporal variability of282

the N-S index, we also calculate the spatial correlation of the structure of the N-S283

phase of the PDP between the models and reanalysis as a performance metric. Fig-284

ure 3 summarizes the model performance for the N-S phase of the PDP in a Taylor285

diagram. Most models under-simulate the observed variability in the N-S phase286

of the PDP, especially CESM2-WACCM. The difference in variability may result287

because of a difference in location of the nodes of the N-S phase within model sim-288

ulations, as noted earlier in Fig. 2. Indeed, excluding CESM2, no model features289

a N-S phase of the PDP with a pattern correlation with that of the 20th Century290
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Reanalysis map greater than r = 0.7, with most pattern correlations between 0.4291

and 0.6 (Fig. 3). Hence, in addition to the differences in their spatial represen-292

tation of the PDP, these quantification metrics from the Taylor diagram indicate293

that the CMIP6 models poorly represent the PDP and its individual phases.294

To investigate reasons for the mixed performance of these models in simulating295

aspects of the PDP, we choose a reduced subset of the CMIP6 models to analyze296

further in this manuscript. We use Figs. 2 and 3 to guide the choices of these mod-297

els. As such, the remainder of this manuscript focuses on analyses and diagnostics298

using three of the “most successful” models in reproducing the PDP (i.e., CESM2,299

ACCESS-CM2, and UKESM1-0-LL) and two of the “least successful” models (i.e.,300

CanESM5 and BCC-CSM2-MR). Results for the other CMIP6 models shown in301

Fig. 2 are relegated to Supplemental Material for the reader to examine and will302

be referenced as needed in later comparisons and analyses.303

3.2 Investigating mechanistic links between the PDP and central tropical Pacific304

SSTa variability305

Recall that the N-S phase of the PDP maps onto the NPO. Previous literature has306

shown evidence that the N-S phase of the PDP is linked to fluctuations in central307

tropical Pacific SST variability and the CP ENSO phenomenon, particularly at308

quasi-decadal timescales (Di Lorenzo et al, 2010; Furtado et al, 2012). Furthermore,309

Anderson et al (2016) hypothesized that the warming and cooling patterns in310

the central tropical Pacific may dynamically drive the N-S phase of the PDP via311

atmospheric and oceanic pathways. We now investigate this hypothesis directly by312

comparing the concomitant SSTa evolution in the central tropical Pacific during313

the emergence of the N-S phase of the PDP and boreal wintertime variability314

of central tropical Pacific SSTa in both reanalysis and our subset of the CMIP6315

models.316

Reanalysis supports the hypothesis tying tropical Pacific SSTa variability to the317

N-S phase of the PDP. Figure 4 shows the lag regression of NDJFM-averaged SSTa318

in the tropical Pacific from HadISST onto the observed PDP index. Anomalously319

positive central tropical Pacific SSTa occur with the transition of the PDP from320

the E-W phase to its N-S orientation (Fig. 4d-f), suggesting a potential lagged321

relationship between tropical Pacific SSTa and the N-S phase of the PDP. More322

specifically, the Year +1 pattern (i.e., SSTa lagging the PDP index, Fig. 4e) results323

in a similar broad area of significant positive SSTa throughout the central tropical324

Pacific, with negative SSTa in the western Pacific. This is one year prior to the325

establishment of the N-S phase of the PDP at Year +2. Interestingly, the SSTa326

patterns at Year 0 and Year +1 suggest that most of the eastern tropical Pacific327

experiences warming in addition to the central Pacific, characteristic of canonical328

ENSO conditions. While Anderson et al (2017) hypothesized that the SSTa pattern329

associated with the emergence of the N-S phase of the PDP is related to CP330

ENSO variability, the pattern shown in Fig. 4e suggests that the PDP-related331

SSTa pattern resembles more the decadal expression of ENSO instead (e.g., Zhang332

et al, 1997; Gu and Philander, 1997; An and Wang, 2000; Choi et al, 2013). We333

next focus on the SSTa pattern at Year +2 which occurs simultaneously with the334

N-S phase of the PDP.335
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Transitioning to analyzing the CMIP6 models, Figure 5 shows the regression336

of model simulated SSTa onto the PDP index at Year +2 (i.e., the PDP leads337

SSTa). The resulting SSTa regression patterns show little consistency with reanal-338

ysis (Fig 5a), with only BCC-ESM1 (Supplementary Figure S1a) and GISS-E2-1-H339

(Supplementary Fig. S1d) reproducing the significant relationship between warm340

central Pacific SSTa and the N-S phase of the PDP. The lack of statistically sig-341

nificant SSTa in most models (Figs. 5b-e) suggests that the large inter-model342

diversity is likely due to either a lack of ocean-atmosphere dynamics or other343

physical processes being simulated in CMIP6 models or erroneous temporal vari-344

ability in tropical Pacific SSTa. Interestingly, both BCC-CSM2-MR (Fig. 5e) and345

CESM2 (Fig. 5b) show statistically significant (p < 0.05) negative SSTa in the346

tropical Pacific, which is dynamically inconsistent with the North Pacific atmo-347

spheric response (e.g., Di Lorenzo et al, 2010; Furtado et al, 2012). Models such348

as BCC-CSM2-MR (Fig. 5e) and CESM2 (Fig. 5b) with statistically significant349

negative SSTa during Year +2 of the PDP suggest the cause of CMIP6 models350

lacking a relationship between the PDP and SSTa in the central tropical Pacific351

may not be just temporal in nature (e.g., Deser et al, 2012),but physical as well.352

Therefore, the CMIP6 models studied here do not support the working hypothesis353

on the connections between the tropical Pacific and the N-S phase of the PDP.354

These results hold consistent for the regression of model simulated SSTa onto the355

PDP index at Year +1 as well (not shown), indicating that models do not capture356

even the strongest SSTa signal associated with the transition of the PDP to the357

N-S phase.358

Our next analysis is motivated by the similarities between the CP ENSO spatial359

pattern from Ashok et al (2007), the regression results from observations in Fig.360

5, and prior knowledge that some “flavors” of ENSO are decadal in nature lead361

us to next investigate whether low-frequency variance in either canonical ENSO362

or CP ENSO events are associated with the transition to the N-S phase of the363

PDP from Year +1 to Year +2. With the motivation that the lack of statistical364

connection between the PDP and central tropical Pacific SSTa (Fig. 5b-e) may be365

a result of models poorly simulating general Pacific climate variability, figures 6366

and 7 illustrate the resulting canonical (Fig. 6) and CP ENSO (Fig. 7) patterns367

from HadISST and the five CMIP6 models. The results from HadISST are as368

expected: (1) For canonical ENSO (Fig. 6a), the location of maximum variability369

is confined to the eastern Pacific; and (2) the location of the maximum anomalies370

for CP ENSO is located in the central Pacific. Moreover, the CP ENSO structure371

(Fig. 7a) shows SSTa variability extending toward the coast of southwestern North372

America, similar to the structure of the SSTa pattern at Years +1 and +2 (Figs. 4e-373

f). The better match between the CP ENSO structure and the PDP Year +2 SSTa374

pattern is also confirmed temporally at low frequencies. That is, the correlation375

between the low-pass filtered (7-20 yr−1) time series of the PDP Year +2 SSTa376

pattern and that of the canonical ENSO structure in reanalysis is weak (r = 0.13).377

However, the same time series correlated with the filtered CP ENSO time series378

has a significantly high correlation (r = 0.85; p ≪ 0.001). This high correlation379

value thus bolsters Hypothesis #1 of our work.380

The CMIP6 model simulations, however, show considerable differences in the381

structures of the two types of ENSO events. For example, the ACCESS-CM2 (Fig.382

6c) and BCC-CSM2-MR (Fig. 6e) models have much more variability in SSTa383

associated with canonical ENSO events than observed. Additionally, with the ex-384
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ception of CESM2 (Fig. 6b), the CMIP6 models exhibit maximum SSTa variability385

associated with canonical ENSO events focused on a narrow belt along the cold386

tongue region instead of the broader meridional structure seen in observations (Fig.387

6a). The narrow belt of variability likely influences the models’ representation of388

CP ENSO events, as most models display a CP ENSO structure with maximum389

SSTa variability eastward of the location shown in reanalysis (Fig. 7) that is more390

reminiscent of canonical ENSO events. CESM2 (Fig. 7b) is again an exception to391

this result, with maximum positive SSTa farther west than in reanalysis. Should392

the N-S phase of the PDP be dynamically linked to CP ENSO conditions, the lack393

of proper spatial structure and variability for CP ENSO in CMIP6 models sup-394

ports our earlier findings of CMIP6 model’s mixed fidelity of simulations of the N-S395

phase of the PDP (Fig. 3) and the lack of significant correlation between the two396

(Fig. 5). Despite these important differences, notice that the pattern correlations397

between the models and the observed ENSO structures are fairly high in many398

cases (r ≈ 0.7− 0.9 for canonical ENSO (Fig. 6) and r = 0.8− 0.9 for CP ENSO399

(Fig. 7)). The apparent difference in the quantitative vs. qualitative measures of400

success indicate the importance for both when considering model performance for401

the different ENSO flavors. Similar mixed performance exists for the other CMIP6402

models with their canonical and CP ENSO structures (Supplemental Figures S2403

and S3). GISS-E2-1-G and GISS-E2-1-H show a canonical ENSO structure closely404

matching HadISST (pattern correlations of r ∼ 0.8− 0.9; Supplemental Figs. S2c405

and S2d), while MIROC6 displays a basin-wide structure (Supplemental Fig. S2f).406

The CP ENSO structure in these additional models are also too strong in mag-407

nitude and, despite high pattern correlations, also erroneously extend throughout408

the equatorial Pacific (Supplemental Fig. S3). Hence, we conclude that, collec-409

tively, these CMIP6 models continue to exhibit known biases in their structure of410

ENSO flavors (Bellenger et al, 2014).411

With biases in the structures of CP ENSO quantified above, we next turn to412

understanding the temporal variability of CP ENSO structures in reanalysis and413

the CMIP6 models. This analysis is important because the PDP itself possesses414

quasi-decadal periodicity (about 12 years), and the guiding hypothesis links this415

variability in large part to tropical Pacific decadal variability. Thus, not only are416

the spatial characteristics of the remote forcing important but the timescale of417

the remote forcing as well. Figure 8 compares the power spectra of the CP ENSO418

index (i.e., the principal component time series from the EOF analysis) in re-419

analysis and the five CMIP6 models. As also shown by Furtado et al (2012), the420

observed CP ENSO phenomenon has significant (p < 0.05; red line in all panels421

of Fig. 8) power on quasi-decadal time scales (Fig. 8a). The selected models, by422

contrast, generally show power for their respective CP ENSO patterns at higher423

frequencies than found in reanalysis. For example, ACCESS-CM2 (Fig. 8c) has a424

statistically significant peak at ∼2-3 years and CESM2 (Fig. 8b) has a statisti-425

cally significant peak at ∼5 years. Both CESM2 and UKESM1-0-LL (Fig. 8b and426

f) have significant peaks at quasi-decadal frequencies, yet they are not as robust427

nor as broad as the peak shown in reanalysis (Fig. 8a). Other CMIP6 models fea-428

ture similar higher-than-observed frequencies for the CP ENSO phenomenon in429

their simulations (Supplemental Figure S4). Power spectral analysis conducted on430

canonical ENSO indices for each model shows no significant quasi-decadal peaks431

either (Supplemental Figure S5), indicating that the simulated PDP patterns are432

also not tied temporally to canonical ENSO variability in the models. Overall,433
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these power spectra further support the idea that the models cannot adequately434

represent the spatio-temporal evolution of central tropical Pacific SSTa variability,435

hence likely biasing their representation of the N-S phase of the PDP.436

Our final comparison explicitly examines the PDP-related tropical Pacific SSTa437

pattern (Fig. 4e) in reanalysis and the models. This analysis complements our438

previous look at canonical and CP ENSO variability but relies on the actual SSTa439

forcing pattern identified for reanalysis rather than an EOF-defined pattern. To440

do this analysis, we construct a time series of the PDP-related SSTa pattern by441

taking the difference of the spatially-averaging SSTa in the two boxes shown in442

the figure: the central tropical Pacific (10◦S - 10◦N, 175◦W - 130◦W) and the443

western Pacific (0◦ - 20◦N, 135◦E - 150◦E). These regions were selected due to444

their statistically significant relationship to the PDP during Year 0, Year +1, and445

the similar SSTa pattern in Year +2 (Fig. 4). We then apply a 7-20yr-1 band-pass446

filter to the time series and lag-correlate it with the PDP index. Figure 9 shows447

the lag correlation between the filtered PDP-related SSTa time series and the448

PDP index. In reanalysis (Fig. 9a), statistically significant (p < 0.05) correlations449

between the two indices at lags Year 0, Year +1, and Year +2. Further, significant450

negative correlations at lags Year -5 and Year -4 correspond to the evolution of451

cooler central Pacific SSTa associated with the opposite polarity of the N-S phase452

of the PDP. By contrast, models show little evidence of any lagged relationship453

between CP ENSO and the PDP index, with few models having r > 0.2 and no454

apparent periodicity in the lag correlations. The lack of periodicity matches the455

models’ absence of significant precession associated with the PDP (Fig.2). In fact,456

the ACCESS-CM2 (Fig. 9c) shows a statistically significant correlation at Years -5457

and -4, however the correlation is positive which is not consistent with reanalysis458

(i.e., should be negative / related to negative SSTa). The other CMIP6 models also459

have poor representation of the lag correlations between their PDP-related SSTa460

pattern and PDP index (Supplemental Figure S6). Overall, these results further461

highlight how models struggle to simulate the relationship between the PDP and462

tropical Pacific SSTa variability as seen in reanalysis (Fig. 9).463

3.3 Evaluating teleconnections between the PDP and the tropical Pacific464

The last section addresses Hypothesis #2 – i.e., examining tropical Pacific-extratropical465

North Pacific teleconnection pathways associated with the PDP. The proposed466

mechanism asserts an “atmospheric bridge” mechanism linking the PDP and the467

tropics. That is, variations in the longitudinal location of diabatic heating in the468

tropics can induce different Rossby wave patterns which subsequently modulate469

atmospheric circulation in the extratropics (Hoskins and Karoly, 1981; Alexander470

et al, 2002). We investigate the proposed atmospheric bridge mechanism for the471

PDP in both reanalysis and models using our index of the PDP-related SSTa pat-472

tern (Section 3.2 and Fig. 5a). Supplementary Figure S7 affirms that this method473

captures the desired forcing pattern in the models and reanalysis, with pattern474

correlations between model results and reanalysis ranging from r = 0.88 for BCC-475

CSM2-MR (Supplementary Fig. S7e) to r = 0.95 for HadGEM3-GC31-LL (Sup-476

plementary Fig. S7k). While the pattern correlations are high, slight variation in477

the location of maximum positive SSTa is apparent, with some models simulating478

it farther west (CESM2, CESM2-WACCM) and some simulating it farther east479
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(GISS-E2-1-G, HadGEM3-GC31-LL). Model biases in the climatological state of480

the tropical Pacific may play a role in the variability of these patterns across481

different models and will need to be investigated.482

Next, Figure 10 presents the regression of 7-20 year-1 band-pass filtered 500 hPa483

eddy (i.e., zonal-mean removed) geopotential height anomalies onto the bandpass-484

filtered PDP-related SST index. In reanalysis (Fig. 10a), the N-S phase of the PDP485

emerges in the North Pacific as expected, with opposite-signed anomalies over East486

Asia and anomalous troughing downstream across eastern North America. These487

reanalysis results are consistent with those found in Furtado et al (2012); namely,488

that low-frequency variability in the central tropical Pacific SST forces a north-489

south oriented dipole in geopotential height anomalies in the North Pacific. By490

contrast, the results from CMIP6 model output vary considerably in their atmo-491

spheric responses to these similar SSTa changes in the central and western tropical492

Pacific (Figs. 10b-f). Overall, model teleconnection patterns appear to map more493

onto the Pacific-North American (PNA) pattern (Horel and Wallace, 1981; Wallace494

and Gutzler, 1981) as opposed to the N-S phase of the PDP/the NPO. Intensifica-495

tion of the Aleutian Low appears in every model, which is actually the preferred496

atmospheric response to canonical ENSO episodes, not CP ENSO events or quasi-497

decadal tropical Pacific forcing (e.g., Alexander et al, 2002; Di Lorenzo et al, 2010;498

Furtado et al, 2012; Di Lorenzo et al, 2015). Moreover, the spatial correlation of499

the 500 hPa eddy geopotential height anomaly maps in the North Pacific between500

any model and reanalysis does not exceed r = 0.6. The large biases in the sim-501

ulated wave trains for model output with respect to reanalysis suggest that the502

atmospheric dynamics in models are not representative of those in observations503

on the quasi-decadal time scale. The other CMIP6 models also feature the same504

biases (Supplemental Figure S8). Interestingly, the CMIP6 models struggle with505

similar biases to models used in the Intergovernmental Panel on Climate Change506

(IPCC) Fourth Assessment Report (AR4) (Furtado et al, 2011). Since we know507

that central tropical Pacific SSTa variability forces an NPO-like response at high508

and low frequencies (Furtado et al, 2012), these documented biases in the CMIP6509

models point to model deficiencies in their ENSO structures and frequencies (Figs.510

6-9) and/or potentially incorrectly capturing the atmospheric bridge mechanism511

associated with tropical and extratropical Pacific teleconnections512

4 Summary & Discussion513

This study expanded our knowledge on a newly-identified model of Pacific decadal514

climate variability – the PDP – through testing leading hypotheses on its dynam-515

ical mechanisms in both reanalysis and a subset of the latest climate models in516

the CMIP6 model archive. Our results demonstrated a relationship between the517

N-S phase of the PDP (related to the NPO) and central tropical Pacific climate518

variability. Several key analyses established this relationship. The SSTa pattern519

associated with the emergence of the N-S phase of the PDP (i.e., the PDP Year520

0,+1 and +2 SSTa pattern) is similar the structure of CP ENSO in HadISST521

(Fig. 4). The CP ENSO time series derived for HadISST had significant power at522

quasi-decadal frequencies (Fig. 8), was highly correlated with the time series of the523

PDP-related SSTa pattern (r = 0.85, p ≪ 0.001), and is significantly correlated524

with the PDP index at lag Year +1 (Fig. 9a). We performed the same analysis525
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with canonical ENSO indices, and no significant relationship was found between526

those indices and the N-S phase of the PDP pattern (r ≈ 0.13; not shown). This527

lack of a relationship makes sense statistically since the canonical ENSO structure528

is nearly orthogonal to the CP ENSO structure, which is related to the N-S phase529

of the PDP, and has little power at quasi-decadal frequencies but maximizes in530

interannual frequencies (Supplementary Fig. S4). Based on these results, low fre-531

quency variations in CP ENSO are indeed strongly related to the N-S phase of the532

PDP.533

When examining the PDP and its dynamical mechanisms within the CMIP6534

models, we find that the models feature strong biases in several facets of the PDP.535

First, the models erroneously simulate both the spatial signature and magnitude536

of the PDP, especially the E-W phase (Fig. 2). Second, simulations of the PDP’s537

relationship to central tropical Pacific SSTa at lag Year +2 in CMIP6 models is538

weak, with few showing statistically significant anomalies in the same region as in539

reanalysis and some showing anomalies of the wrong sign (Figs. 4 and 5). Our find-540

ings with the CMIP6 models mirror those of Anderson et al (2017), who examined541

how the PDP was represented in the Community Climate System Model version542

4 (CCSM4; Gent et al, 2011). Their results indicated that the CCSM4 simulates543

the PDP as a stationary damping and periodic flipping of the N-S phase and does544

not capture the concomitant evolution of central tropical Pacific SSTa. Moreover,545

parallel statistical analyses with the model output (e.g., the power spectra of CP546

ENSO, lag regressions with Pacific SSTa) indicate continued misrepresentations of547

the secondary mode paradigm for the North Pacific (i.e., the CP ENSO and NPO;548

Figs. 8 and 9). Since the N-S phase of the PDP is influenced by CP ENSO, then549

the inability of models in capturing the connection between the central tropical550

Pacific and the North Pacific introduces errors into their simulations of the PDP.551

Therefore, biases in tropical and North Pacific decadal climate variability remain552

a problem for these climate models even in their newest generation and need to553

be corrected for improved climate projections (e.g., Furtado et al, 2011; Bellenger554

et al, 2014; Yim et al, 2015; Liu and Di Lorenzo, 2018; Zhao et al, 2020). While not555

explicitly studied in this manuscript, the problems leading to these mismatches in556

spatio-temporal variability of the Pacific decadal climate modes likely arises from557

wrong ocean-atmosphere coupling dynamics, including those associated with the558

meridional modes (e.g., Chiang and Vimont, 2004; Di Lorenzo et al, 2015; You and559

Furtado, 2018; Liu and Di Lorenzo, 2018). Should CP ENSO events increase in560

frequency and/or magnitude, as is expected under anthropogenic climate change561

(Yeh et al, 2009; Freund et al, 2019), then the resulting Pacific climate regimes may562

be very different than those projected by the models. Hence, these likely changes563

in the projected future Pacific climate regimes are further motivation to make564

sure we understand modes like the PDP and learn to understand what elements565

of ENSO diversity and tropical-extratropical atmospheric (and oceanic) pathways566

need to be corrected in the models.567

Synthesizing the relationship between the PDP and the NPO in reanalysis,568

including its links to the central tropical Pacific, results in a robust argument to569

include the PDP within the secondary mode paradigm for Pacific variability. Yet,570

the CMIP6 models do not support this conclusion. Therefore how the PDP is571

placed within this paradigm requires further research. For example, relationships572

between the PDP and other climate modes in the Pacific, including the Madden-573

Julian Osciallation, variability in the Kuroshio-Oyoshio Current (Anderson, 2019),574



14 Matthew H. Rogers et al.

and the meridional modes, need to be quantified. One particular link to the PDP575

yet to be explored is the connections between the PDP and the NPGO. The sec-576

ondary mode paradigm establishes that the NPO forces variability in the NPGO577

(Chhak et al, 2009; Furtado et al, 2011; Di Lorenzo et al, 2015). With our results578

showing that the N-S phase of the PDP maps onto the NPO and the concomitant579

SSTa evolution in the tropics related to CP ENSO, which is a forcing for the NPO580

(Furtado et al, 2012), there is likely a link between the PDP and the NPGO on581

the quasi-decadal timescale. Furthermore, SSTa in the North Pacific can substan-582

tially impact the overlying circulation (Frankignoul and Sennéchael, 2007), so the583

underlying North Pacific SSTa field may influence the evolution of the PDP as584

well (Anderson, 2019).585

While this work investigated the evolution and dynamics associated with the586

N-S phase of the PDP, we have not addressed the other phase of the PDP - i.e.,587

the E-W phase. This phase is particularly interesting for two reasons. First, the588

E-W phase of the PDP may be connected more with extratropical forcing, in-589

cluding that from the polar stratosphere, than tropical Pacific SSTa variability,590

at least indirectly (Anderson et al, 2017). Indeed, Domeisen et al (2019) found591

that the state of the polar stratospheric vortex is profoundly affected by ENSO592

variability, with more sudden stratospheric warmings (SSWs; i.e., a rapid weak-593

ening of the stratospheric polar vortex) occurring during El Niño years. SSWs594

can have a strong impact on the underlying tropospheric circulation (Baldwin and595

Dunkerton, 1999; Baldwin et al, 2001) and may have decadal variability (van Loon596

and Labitzke, 2011; Hu and Guan, 2018). The second reason is that the models597

which perform poorly at simulating the PDP do so because they lack a transi-598

tion from the N-S phase to the E-W phase (Fig. 2). AOGCMs poorly simulate599

stratosphere-troposphere coupling dynamics in the tropics and extratropics (e.g.,600

Charlton-Perez et al, 2013; Furtado et al, 2015; Seviour et al, 2016). Even models601

with high tops (i.e., model tops generally above 10 hPa) like CESM2-WACCM602

show no noticeable improvement in their simulation of the E-W phase within this603

study. Should the E-W phase of the PDP be forced in part by the stratosphere,604

further improvement of stratospheric resolution and dynamics will be important605

in improving predictions of this mode of variability. In fact, the E-W phase of the606

PDP strongly affects decadal variability in seasonal precipitation in the North-607

western US and the Great Plains (Anderson et al, 2016). Thus, understanding608

and capturing the E-W phase of the PDP may have profound impacts on long-609

lead extreme precipitation events across the western US and improved projections610

of hydroclimate extremes under future climate change.611
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Model Data

Model Institution ID Label References

ACCESS-CM2 CSIRO-ARCCSS
Australian Community Climate and

Earth System Simulator
Climate Model Version 2

Dix et al (2019)

BCC-CSM2-MR BCC BCC-CSM 2 MR Wu et al (2018)

BCC-ESM1 BCC BCC-ESM1 Zhang et al (2018a)

CanESM5 CCCma
Canadian Earth System

Model version 5
Swart et al (2019)

CESM2 NCAR
Community Earth

System Model version 2
Danabasoglu et al (2019)

CESM2-WACCM NCAR

Community Earth System
Model version 2 -

Whole Atmosphere Community
Climate Model

Danabasoglu (2019)

GISS-E2-1-G NASA-GISS GISS-E2.1G NASA Goddard Institute for Space Studies (NASA/GISS) (2018a)

GISS-E2-1-H NASA-GISS GISS-E2.1H NASA Goddard Institute for Space Studies (NASA/GISS) (2018b)

HadGEM3-GC31-LL MOHC NERC HadGEM3-GC3.1-N96ORCA1 Ridley et al (2018)

MIROC6 MIROC MIROC6 Tatebe and Watanabe (2018)

UKESM1-0-LL
MOHC NERC

NIMS-KMA NIWA
UKESM1.0-N96ORCA1 Tang et al (2019)

Table 1 Information and references for CMIP6 model output used in this study.
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Fig. 1 Regression of 7-20 year-1 band-passed 850 hPa November-March (NDJFM) averaged
monthly-mean geopotential height anomalies (m) onto the standardized PDP index for lags of
Year -2 to Year +3 for the 20th Century Reanalysis version 2c. Positive lags indicate the PDP
index leads the geopotential height field and vice versa for negative lags. Black boxes in (e)
designate the northern (50◦N - 70◦N, 175◦W - 130◦W) and southern (20◦N - 40◦N, 175◦W -
145◦W) domains used to define the N-S Index (see text).
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Fig. 2 (first row) Same as Fig. 1. (all other rows) As in Fig. 1 but for the various CMIP6
model output.
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Fig. 3 Taylor diagram of the comparison of the N-S phase of the PDP (i.e., the Year +2
pattern in Fig. 1e) in the CMIP6 model output relative to that derived from the 20th Cen-
tury Reanalysis. The standard deviation measure (m) is derived from the N-S index, and the
correlation coefficient is computed spatially for the lag Year +2 maps from Fig. 2.
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Fig. 4 Lag regression of NDJFMmonthly-mean SSTa (◦C) onto the PDP index from HadISST
from (a) Lag Year -3 to (f) Year +2. Positive lags indicate the PDP index leads SSTa and
vice versa for negative lags. Stippling denotes statistically significant (p < 0.05) regression
coefficients found using a bootstrapping method with 5000 iterations (with replacement). Black
boxes in (e) defined in text.
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Fig. 5 (a) Same as Fig. 4e. (b)-(f) As in (a) but for the five CMIP6 models at Year +2.
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Fig. 6 Standard deviation (◦C) of the leading EOF mode of monthly-mean tropical Pacific
SSTa over the domain 30◦S - 30◦N, 120◦E-60◦W after removing variability associated with the
Niño-4 index for lags -3 to +3 months (i.e., the canonical ENSO signature) for (a) HadISST
and (b)-(f) the five CMIP6 models. Values included in parentheses in (b)-(f) are the spa-
tial correlations of each model with HadISST results shown in (a). All correlation values are
statistically significant (p ≪ 0.001)
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Fig. 7 As in Fig. 6 but for the CP ENSO signature (see text for details).
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Fig. 8 (black) Power spectra of the leading principal component time series for CP ENSO (i.e.,
associated with the structure in Fig. 7 for (a) HadISST and (b-f) the five CMIP6 model output.
(red) The 95% confidence spectrum level. Power spectrum values in all panels normalized by
the total variance of the index.
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Fig. 9 (black) Lag correlation (from -10 to +10 years) of the PDP Index with the 7-20 year-1

band-passed NDJFM-averaged CP ENSO index for (a) HadISST and (b)-(f) the five CMIP6
models. Positive lags indicate the PDP leads the CP ENSO index and vice versa for negative
lags. (red) 95% confidence interval determined from a two-sided bootstrapping method with
5000 iterations (with replacement).
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Fig. 10 Regression of 7-20 year-1 band-pass filtered NDJFM averaged monthly-mean eddy
geopotential height anomalies (m) onto the standardized NDJFM averaged monthly mean time
PDP-related SSTa pattern (see text) in (a) HadISST and (b-f) the CMIP6 models. Stippling
indicates statistical significance (p < 0.05) using a bootstrapping method with 5000 iterations
(with replacement).
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